To fabricate semi-insulating SiC bulk crystals, vanadium doping was performed by adding vanadium as a solid source to the SiC starting material. Electrical and optical properties of the PVT grown crystals were investigated. The nitrogen concentration up to about 2 ´ 10 18 cm -3 in the crystal areas near the seed as well as the maximum solubility of vanadium in SiC of about 5 ´ 10 17 cm -3 are limiting yield and electrical homogeneity of vanadium doped SiC bulk crystals. Depletion of vanadium during growth can be prevented by lowering the growth temperature or using an inner container filled with a SiC/VC-mixture leading to a homogeneous vanadium incorporation in the crystals. Co-doping of vanadium and boron was successfully performed to attain SiC crystals with a fermi level close to mid-gap, leading to thermal activation energies up to about 1,7 eV. The V 3+ and V 4+ charge states of vanadium can be detected separately using optical absorption or electron spin resonance (ESR). With these techniques the electrical domination of the V 3+ /V 4+ acceptor or the V 4+ /V 5+ donor level in V doped samples can be determined.
Introduction. Since in 1990 Schneider et al. found deep levels in SiC caused by vanadium impurities [1] , vanadium doping techniques to obtain semi-insulating (s.i.) SiC were developed [2] resulting in the commercial production of 2 inch s.i.-SiC wafers in recent years. Additionally, the electrical behavior of vanadium doped SiC was investigated several times in the past [3, 4] . But the technique of homogeneous vanadium incorporation in SiC bulk crystals during growth leading to homogeneous electrical properties still needs improvement [5] [6] [7] . Important issues limiting both yield and electrical properties of semi-insulating wafers cut from vanadium doped PVTgrown crystals as well as workarounds for these issues will be discussed in this paper.
Experimental. Several 6H-SiC bulk crystals with 35…40 mm in diameter were grown in our laboratory by the Modified Lely method using high purity conditions [5] . Vanadium was added as a solid source in various amounts to the starting material. In this case, donors are compensated as nitrogen is the main impurity present in the growth system. To investigate the compensation of acceptors as well, boron/vanadium co-doping was performed. Additionally, results obtained from nominally undoped and boron doped SiC bulk crystals were taken as a reference. Electrical properties of the SiC wafers were determined by Hall effect measurements performed at elevated temperatures (T > 473 K) and scanning capacitance mapping. The compensation mechanism of the samples was investigated using optical absorption and electron spin resonance (ESR).
Results and Discussion.

Nitrogen incorporation
To successfully compensate all shallow impurities in SiC, vanadium must predominate in the grown crystals, i.e. N V > |N D -N A |. GDMS analysis at the interface between areas with and without precipitation (see below) prove the V solubility limit to be at about 5 ´ 10 17 cm -3 in correspondence with literature data [4] . Nitrogen introduced by loading/unloading the growth reactor in air and desorbing from porous graphite parts during growth [5] is present up to about 2 ´ 10 18 cm -3 in the crystal areas near the seed, decreasing exponentially during further growth. A reduction of the nitrogen level is decisive for increasing the s.i.-SiC wafer yield. Additional actions to lower the nitrogen incorporation are currently under investigation.
Vanadium source depletion
As shown in previous publications [5, 6] , vanadium will deplete during growth when added as a solid source to the SiC starting material. The origin can probably be found in the partial pressure of V species which is supposed to be higher than the respective partial pressures of the SiC species. As a consequence, in the first stage of growth the vanadium incorporation exceeds the solubility limit leading to precipitation in the growing crystals. On the other hand, in late stages of growth the V concentration in the crystals may even fall below |N D -N A |. Electrical properties of wafers cut from such a V doped crystal are shown in Table 1 . With increasing growth time, the activation energy DE as calculated from Hall effect and specific resistivity data decreases, leading to higher charge carrier concentrations and thus lower resistivities extrapolated to room temperature. Finally, the resistivity is expected to decrease drastically as nitrogen becomes the predominant impurity and the s.i. behavior changes into n-type conduction. V source depletion can be avoided by lowering the growth temperature. It is assumed that this effect originates from different slopes of the partial pressure temperature dependence of V vs. SiC species. As this also affects SiC growth rate and kinetics, a different approach was chosen. A container of dense graphite, partially filled with a SiC/VC-mixture, was placed at a distinct position inside the crucible. The vanadium evaporation rate is limited as the container is quasi-closed due to SiC sublimation in the early stages of growth. Two seeds with different polarity were given simultaneously as described in [8] to growth 6H-SiC on the Si face and the C face in the same growth run. Chemical analysis (GDMS) shows that the vanadium content at the end of growth is about 2 ´ 10 17 cm -3 regardless of the seed polarity while no precipitation was found in the whole crystal, so vanadium incorporation is fairly constant in time. However, the optical absorption of the two sides of the wafer shown in Fig. 1 still differs. This is assigned to a different nitrogen incorporation in crystals grown on different polarity [9] leading to different compensation ratios N V / |N D -N A |. Fig. 1 : Precipitation-free 1.6 inch wafer cut from a V doped 6H-SiC boule where two seeds with different polarity were given simultaneously. The two parts of the crystal exhibit different optical absorption spectra leading to different coloration in the picture. Within the respective crystal parts, absorption coefficients are fairly constant. 
Activation of the vanadium donor level
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As long as vanadium compensates shallow nitrogen donors, i.e. N V > N D -N A > 0, the fermi level is close to the vanadium acceptor level approximately 0.8 eV below the conduction band edge [4] as shown in Table 1 . Activation of the almost mid-gap V donor level can be attained by co-doping of an acceptor (i.e. aluminum, boron), which compensates all the nitrogen donors and is itself compensated by excess of vanadium [6, 7] . Values extrapolated from high temperature Hall effect data in the range of 10 15 …10 18 Wcm have been already reported for those samples [2, 7] . Boron incorporation into SiC was intensively studied [5] and an appropriate doping technique for the preparation of homogeneous B doped crystals was developed. Still the inhomogeneous nitrogen incorporation leads to a change of N A -N D and thus inhomogeneous electrical properties in the grown B doped wafers were found [10] . This limits the s.i.-SiC wafer yield in V/B co-doped crystals as the compensation ratio changes with growth time. V/B co-doped SiC crystals with about 50% s.i.-SiC wafer yield were successfully grown exhibiting activation energies of up to 1.7 eV in comparison to 0.8 eV for purely V doped SiC as shown in Fig. 2 . Further research is necessary to exploit the whole benefits from this doping method. Again, especially a reduction of impurities like nitrogen is necessary to increase yield and homogeneity of the co-doped crystals. Additionally, methods to easily obtain the electrical properties of such crystals are still lacking as specific resistivities above 10 10 Wcm are very difficult to measure [3] and SiC samples with V domination exceed these values at room temperature regardless of the compensation mechanism. However, the scanning capacitance method can be used up to about 10 12 Wcm, which is sufficient at least for V acceptor dominated SiC samples [6] .
Compensation mechanism determination
To check for the electrical domination of the V 3+ /V 4+ acceptor or the V 5+ /V 4+ donor level, the charge states of vanadium have to be detected separately. According to the proposed compensation mechanism, V 4+ is only present in significant quantities if the sample is vanadium dominated, hence it is indicating semiinsulating electrical behavior of these samples. V 3+ reflects the amount of compensated shallow donors (i.e. N D -N A ) in V acceptor dominated samples and is absent in V donor dominated samples. V 4+ [1] and V 3+ [11] inner-shell transitions can be resolved as series of peaks in near-IR range optical absorption as shown in Fig. 3 . It is currently under research whether the compensation ratio N V /(N D -N A ) in the samples with V acceptor domination can be determined by quantitative analysis of low temperature optical absorption at 12 K. Similarly, hyperfine interactions of V 3+ in ESR visible even at room temperature and V 4+ interactions found in ESR spectra at 77K can also resolve the predominant compensation mechanism. Significant concentrations of V 3+ were identified by room temperature ESR in almost all V acceptor dominated samples. Note that both techniques are non-contact, non-destructive and easy to apply to determine the semiinsulating behavior of vanadium doped SiC. A detailed investigation on the compensation Fig. 2 : Hall effect measurements of a V doped and a V/B co-doped 6H-SiC sample. Activation energies were determined using log(nT -1,5 )=A-(E A /kT) according to [3] . Charge carrier concentration n(RT) at 293 K is linearly extrapolated from the high temperature Hall effect data. mechanism and its determination in V doped samples will be published elsewhere.
Conclusions.
Vanadium doping is a promising approach for obtaining semiinsulating properties in silicon carbide bulk crystals, and it can be facilitated to prepare s.i.-SiC wafers with homogeneous properties at high yield in a reproducible manner as vanadium depletion is avoided. Using a V/B co-doping technique, the V donor level can be activated leading to superior specific resitivities, but in any case, reducing the nitrogen level is a key prerequisite for increasing the s.i.-SiC wafer yield and optimizing substrate behavior for device technology. Finally, IR range optical absorption and ESR can be utilized to determine semi-insulating behavior as well as the predominating compensation mechanism in vanadium doped SiC samples. 
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